A multi-scale approach to modelling is optimal for computationally intensive problems of a hierarchical nature such as 3D woven composites. In this paper an approach capable of modelling feature/component scale fabric deformations and defects is proposed. The proposed technique starts with a meso-scale model for predicting the as-woven geometry of a single unit cell using a high fidelity digital element method. The unit cell geometry is then converted into a macro-scale fabric model by geometric reduction then tessellation. On the macro-scale, two and three dimensional approaches to yarn geometry representation are proposed, with an accompanying yarn mechanical model. Each approach is evaluated based on solution accuracy and computational efficiency. The proposed approach is then verified against experimental results on the meso and macro scales. The applicability of this modelling technique to larger scale compaction problems is then investigated. The proposed algorithm was found to be accurate and computationally efficient.
inherently poor through thickness properties of composites. Conventional composite materials are susceptible to delamination and have poor impact performance [7, 8] . Another factor is the high manufacturing costs of high performance composites. Laying up numerous layers of precisely oriented composites sheets is a time consuming process. Moreover, producing high quality composite components normally involves using expensive pre-preg materials. 3D woven composites is a promising technology which offers a solution to both problems, the poor through thickness properties and the high manufacturing cost of composites.
Conventional 2D composites, whether unidirectional or woven, lack out of plane reinforcement.
Hence, through thickness properties are mainly controlled by the matrix. In contrast, 3D woven preforms are made of multiple layers of orthogonal weft and warp yarns with binder yarns woven through thickness. These binder yarns connect some or all the layers together depending on fabric architecture [9, 10] . Due to the load carrying capacity of the through-thickness direction fibres, 3D woven composites exhibit enhanced inter-laminar fracture toughness [7, 11] and better impact and energy absorption performance [8, 12] when compared to 2D composites. However, these enhanced properties come at the cost of lower in plane mechanical properties. During the weaving process, warp, weft and binder yarns are mechanically interlocked to form the fabric. A process which involves applying tension and bending to the yarns and has been shown to cause fibre breakage.
Research has shown that fibre breakage has an adverse effect on woven composite strength [13] .
Another major source of in plane properties degradation in 3D woven composites is the crimp and waviness associated with the presence of binder yarns [14] [15] [16] as shown in Figure 1 . Consequently, it is essential to understand yarn defects occurring during weaving and manufacturing of 3D woven components in order to accurately predict the mechanical performance of a given component. This knowledge can be used to assess different fabric architectures, component geometries, manufacturing methods and eventually be used to design new 3D woven fabric architectures.
Numerical modelling is a powerful tool for understanding the deformation, kinematic and mechanical behaviour of textile composites. This has been widely applied to 2D woven fabric, for example to model draping characteristics [17] . Modelling approaches employ a dedicated constitutive model capable of representing the fibrous nature of the fabric. These constitutive models can be applied on the meso scale where each yarn is represented independently in a finite element simulation [18] [19] [20] [21] [22] .
Additionally, these models can be expanded to represent sheets of woven materials with fibres in multiple directions [23, 24] . 3D woven fabrics introduce an additional level of complexity to the 2D draping process. The existence of out of plane binder yarns introduces out of plane and in plane deformation coupling. Several discrete methods have been developed to model the kinematics of the weaving and /or the compaction process. Of notable interest is the digital element family of models [25] [26] [27] [28] [29] . In the digital element technique each yarn is represented by a bundle of 1D element chains connected using frictionless pins. Contact models are used to simulate the beam elements interaction during weaving and/or compaction. A similar approach using beam elements to calculate as-woven geometries is given by Durville [30, 31] . In this approach a dedicated contact algorithm uses fibre disentanglement to represent the weaving process. These types of methods can be reasonably accurate when predicting the fabric deformation on a unit cell scale. Another dedicated approach proposed by Stig et al [32, 33] represents each yarn as a hollow shell. The hollow yarns are inflated by applying internal pressure to find the fabric as-woven state.
Such available modelling techniques are computationally expensive which limits their applicability to the unit cell scale. In practice, deformations occurring in a woven perform during compaction are the result of tool/fabric interactions. Consequently, these deformations are dependent on the tool geometry as well as the fabric architecture. Unit cell models fall short of capturing the tool geometry effects on the compacted fabric which can be of paramount importance for complex components.
Hence, the need arises for a simple and computationally efficient modelling technique which can predict fabric deformation at the feature or component scale without compromising accuracy. In order to simultaneously achieve computational efficiency and accuracy, a multi-scale approach combining high and low fidelity techniques is proposed here.
-Overview
As discussed in the previous section, components manufactured from woven fabrics can have numerous defects resulting from the weaving and compaction processes. As a result, mechanical and resin flow models built using idealized unit cell geometry will not capture the effect of waviness and crimping which can control the 3D woven composite failure. Despite the recent advances in available computational power, a full mechanical 3D woven fabric model at a structure scale remains unfeasible. An alternative approach is to use multi-scale kinematic models to predict the final deformed fabric geometries at the structural scale. While these models will not provide information regarding the forces, stresses and strains during the weaving and compaction of 3D woven fabrics, kinematic models can provide accurate and detailed internal and external fabric geometries which can be used in turn to build resin infusion and structural scale mechanical models.
The kinematic modelling approach proposed in this paper starts from an accurate geometry of the aswoven unit cell. A meso-scale digital element model implemented in the commercial explicit finite element software LS-Dyna, as proposed by Mahadik et al [29] and further developed by Green et al [34] is used to find the as-woven geometry for the initial unit cell. The input geometry is then tessellated to form a component or feature scale fabric. Next, the full size fabric model is meshed and combined with tooling geometry. The overall contact model is then solved in LS-Dyna to find the deformed fabric geometry using the AUTOMATIC_CONTACT _GENERAL algorithm. This deformed geometry can be later used as an input to other types of modelling such as mechanical and/or resin flow models. The proposed approach is shown schematically in Figure 2. 
-As-woven geometry modelling
In the digital element technique each yarn is represented by a bundle of 1D element chains. Contact models are used to simulate the beam elements interaction during weaving and/or compaction. A digital element model of a single unit cell for the fabric of interest can be used to represent the as woven state of the entire fabric. An initial loose unit cell geometry representing the yarn centreline paths is used to generate a digital element model for a fabric of a given architecture. The diameter of each beam is calculated based on the number of chains that will be used to model each yarn such that the yarn cross sectional area is preserved. In this paper the number of chains used is 61 per yarn.
Higher number of chains significantly increased the model runtime without noticeable effect on results quality [34] .
Initially, the yarn paths for warp yarns and weft yarns are assumed to be straight. The location of each yarn is calculated based on the unit cell dimensions, number of yarns per layer and the number of layers of each type. Binder yarn centre line paths are calculated by fitting a cubic spline to the yarn desired path based on the fabric architecture. The spline control points are selected so as to ensure that the binder yarn does not intersect with the warp or weft yarns. Thermal load is then applied to the binder yarns which pull the fabric together forming the desired unit cell as-woven geometry.
In order for the unit cell geometry to remain representative of the fabric after compaction and consequently remain suitable for mechanical modelling, a set of periodic constraints has to be applied to the model. These periodic constraints are applied by connecting yarn end nodes using Multi Point Constraints (MPC), see [34] for details. Figure [3] shows the unit cell weaving simulation starting from the initial loose geometry to the final as woven state.
The generic geometric representation adopted by TexGen [35, 36] has been used to define the yarn surface, as shown in Figure [4] . This geometric representation is quite flexible and is capable of representing yarns of any complex geometry. A conversion process is needed to detect the yarn surfaces which are defined by the multiple chains of elements and convert it to the TexGen geometric representation. This algorithm is required to automatically detect the yarn centreline paths and the cross section points associated with each centreline point. This can be done by carrying out the following steps:
1. The yarn centreline is defined by finding the geometric centre of each group of section points.
2. A set of local coordinates is defined at each centreline point based on the cross-section orientation (see Figure 5a) . A geometric plane is defined at this location based on the centreline slope (C) and the vector of cross section maximum width (S) and the centreline point (O) at the location.
3. All the section points are then projected to the section plane defined in the previous step. 4 . A section edge detection algorithm is run on the coplanar points resulting from the previous steps. Edge detection is a wide topic in its own right in the field of computer algorithms which cannot be covered in sufficient details here A shrinking rubber band analogy is used for crosssection detection where a fixed number of points is used to define a polygon which conforms to the yarn surface at this given location. An example of the edge detection algorithm being run on a group of random points is shown in Figure 5b . The results of complete yarn detection are shown in Figure 6 .
5. While the focus of the unit cell modelling process so far has been to avoid any form of yarn penetration, some minor penetrations might occur as a result of the conversion process. These penetrations can be removed by running the LS-Dyna initial penetration detection step when doing the macro scale modelling which will be discussed in the subsequent sections.
The fabric of choice for analysis in this paper is a 3D woven orthogonal 5 harness satin weave fabric.
The warp yarns are 24000 fibres in 8 layers with 2 yarns per layer of the unit cell. The weft yarns are 12000 fibres in 9 layers with 5 yarns per layer of the unit cell. The binders are 6000 fibres each. All fibres are 7 micron diameter carbon fibres. The unit cell size of this fabric is 9.92 mm in weft direction and 27.775 mm in the warp. The as-woven unit cell geometry for this fabric as found by the digital element and converted into TexGen [35, 36] is shown in Figure 7 .
-Yarn modelling for computational efficiency
The digital element method, which was used to find the as-woven geometry in the previous section, represents each yarn in a contact model with bundles of beam elements. The presence of numerous contacts between large numbers of beams is a main reason behind the high computational expense associated with these methods. Here, a simplified representation of the yarns is adopted using a single contact surface built from shell elements for model size reduction and more efficient contact algorithms. However, in order to capture the fabric behaviour with a reduced geometry, special care has to be given to yarn mechanical modelling which will be discussed in sections 2.3 and 2.4. Unit cell geometry found by the digital element approach is typically high resolution where the yarn cross section is given in detail along the yarn length. In the proposed approach, the yarn contact surface is created by meshing reduced yarn geometry. The reduced geometry can be meshed to form either a 2D yarn cross section or 3D yarn cross section as shown in Figure 4 . In a 3D approach shell elements trace the yarn surface giving an accurate representation of the yarn geometry. While in a 2D representation the shell elements represent the yarn mid plane and the shell element thickness is varied to represent the yarn thickness at any given point. The yarn geometric representation used for this paper is the same as adopted by the fabric geometry pre-processor TexGen [35, 36] . In this representation, the yarn centreline path is defined using nodes along the yarn length. At each node, the yarn cross section is defined by a number of section points. For reasons of computational efficiency, a geometric reduction step is needed to reduce the as-woven geometry resolution. Initially, the number of nodes along the yarn centreline is reduced based on the yarn path curvature at each node and a maximum element size. Next, the number of points defining the yarn cross section is reduced at each node. This is done by defining a curvilinear coordinate coinciding with the yarn surface at the section being processed. This local coordinate is then used to interpolate a fixed number of points which will replace the high resolution geometry defining the yarn cross section at this location. At each centreline node, 8 section points are used for 3D representation, while 12 points are used for the 2D representation since this approach involves further geometric reduction. As a final step, the yarn cross section points are offset in the section plane to account for the shell element thickness using a generic polyline curves offset algorithm [37] .
-Three dimensional representations of yarn cross-section
For a 3D representation, points defining the yarn cross section are connected using shell elements to represent the yarn surface. These shell elements will act as contact surfaces during simulation representing the yarn interactions during compaction. However, a yarn kinematic model constructed from hollow shell elements will exhibit unrealistic cross section deformation. Increasing the shell element stiffness by using stiffer material properties or thicker elements will increase the flexural stiffness as well as the in plane stiffness. This will lead to an overall stiff fabric behaviour which is unrealistic. As a result, it is desirable to separate the set of material properties controlling the yarn cross section deformation and the yarn flexural deformation. This can be achieved by introducing a cross section support at each centreline node. The cross section support fills the yarn cross section at a given point by connecting all the yarn surface nodes using 2D shell elements. The finite element mesh used for kinematic modelling coincides with and is arranged in a similar manner to the yarn geometric representation i.e. all nodes representing the yarn surface are arranged in sections in relation to a yarn centreline points, as given in Figure 4a . Hence, each node on the yarn surface is connected to a yarn cross section. The cross-section supports are meshed using triangular 2D shell elements and assigned visco-elastic material properties. The overall yarn in this representation resembles a monocoque wing structure with the cross-section supports as analogues to ribs .This ensures that the entire yarn deformation is constrained by the internal cross section support. The number of these supports is not selected arbitrarily; it is defined by the number of centreline points used initially to define the yarn geometry. As is the case with any geometric definition, the higher the number of points the more accurate the geometry is described. However, the high resolution comes at the cost of a larger geometric data set and more computational expense when handling the problem. The kinematic aspect of the model will be unaffected by the geometric resolution as long as the resolution is not too low to faithfully describe the problem. For this paper, 8 points were used to define the yarn cross-section at any given location which was chosen as a compromise between geometric accuracy and model runtime.
A typical composite yarn is made of thousands of fibres packed together. During compaction, the individual fibres show no cross section deformation, hence have no contribution to the overall yarn cross section deformation. The cross section deformation is dominated by fibres sliding against each other. For this level of analysis, it is safe to assume that in a woven fabric the yarn cross section deformation can be modelled as shearing deformation as shown in Figure 8 . The shearing deformation effect can be achieved by assigning the yarn cross section support viscoelastic material properties. By choosing a relatively high bulk modulus, the cross section support and hence the entire yarn cross section will exhibit shear dominated deformations. The viscoelastic behaviour of dry fibres have already been observed and studied in literature [38] . Figure 9 shows a unit cell model meshed using the 3D cross section representation approach.
Since at this stage the yarns are represented as continuous surfaces, we have to make the distinction between two types of fabric volume fractions, an inter-yarn volume fraction and an intra-yarn volume fraction. The inter-yarn volume fraction represents the space contained within the yarn surface as compared to the unit cell volume. The intra-yarn volume fraction represents the volume of fibres contained within each yarn surface as compared to the entire volume contained within this given surface. The meso-scale digital element models from section 2.2 can capture both inter and intra yarn volume fraction variations. However, for the simplified approach, models only capture the inter-yarn volume fraction variation during compaction. The intra-yarn volume fraction is carried over from the digital element model when the single surface was created and remains almost constant at each yarn cross-section because of the shear dominated deformation assumption. This is a reasonable assumption since after the yarns have been interlocked during weaving; minimal change in the intrayarn volume fraction is expected. It is worth noting that the global volume fraction is dominated by the length of each yarn inside the unit cell boundaries and the inter-yarn spaces. Hence, it will be accurately maintained in both the meso and macro simulation scales.
-Two dimensional representation of yarn cross-section
The two dimensional approach favours computational speed over accuracy. In this approach, the yarn cross section geometry is reduced to a single contact surface represented by the mid plane. At any given cross section, the geometric reduction process starts by choosing the two most extreme section points as edge points. Then the cross section points are paired together based on the distance from the edge points. For each pair a single finite element node is created at an average location between the two points. The shell element thickness at this point is set to be equal to the distance between the two geometry points. This reduction process and a unit cell mesh using this approach is shown in Figure   10 .
For the 2D approach, the cross section deformation during compaction should be represented as a variation in shell element thickness. For LS-Dyna shell elements' thickness change is only as a result of membrane loads. On the other hand, in a real yarn, the cross section deformation is dominated by compression loads acting directly on the yarn surface. Hence, this simplified 2D approach neglects the yarn cross section deformation. Additionally, this approach has the same flexural and in plane stiffness coupling problem discussed in the 3D approach. In order to overcome this issue, the shell elements forming the yarn were reinforced using rod elements along the yarn path. These rods were assigned material properties stiffer than that of the shell elements. Thus, giving the yarn high stiffness in the fibre direction while allowing it to easily shear and bend. The rods are inserted in the LS-Dyna model as 1D elements with only 1 translational degree of freedom at each node. These rods act as a spring linking two subsequent nodes along the yarn length, thus offering the needed additional axial stiffness. The rod cross section area and elastic modulus can be adjusted independently of the 2D shell properties to vary the ratio of bending to in-plane stiffness. Figure 11 shows a 2D yarn surface reinforced by rods.
-Unit cell modelling and verification
While, the final goal of this modelling technique it to simulate component / feature scale fabric defects, it is essential to verify that the reduced representation does not have an adverse impact on accuracy. The next section will discuss the construction and calibration of unit cell models against high fidelity models and experimental results. Based on the results the 3D approach was selected to be used for the full scale models
-Periodic constraints
Due to their hierarchical nature, composite fabrics exhibit periodicity on multiple scales, whether at the micro, meso or macro scale. The scale of interest for this verification exercise is the meso scale unit cell, since the as-woven unit cell geometry is the input to the proposed multi-scale approach. By definition, the unit cell can be used to construct the entire fabric by translation with no need for rotation or reflection [40] . When employing periodic boundary conditions a unit cell model can be used to model the compaction behaviour of an infinite flat fabric [41, 42] . The orthogonal weave studied in this paper has a unit cell measuring 9.92 mm in weft direction and 27.775 mm in the warp direction. The unit cell is staggered by one yarn in the weft direction when translated to form the entire fabric.
In order for the unit cell geometry to remain representative of the fabric after compaction and consequently remain suitable for mechanical modelling, a set of periodic constraints has to be applied to the model. These periodic constraints are applied by connecting yarn end nodes using Multi Point Constraints (MPC). MPCs connect all degrees of freedom for a yarn tip node to the equivalent node on the opposite side of the unit cell taking offset into consideration. Figure 12 shows how the boundary conditions were applied for the unit cell being studied. To apply consistent periodic constraints, the mesh at the ends of any two yarns being connected must be identical. This condition was included in the meshing algorithm.
-Unit cell model
A unit cell compaction model was built based on the as-woven geometry for the orthogonal weave from Green et al [34] . Periodic boundary conditions were applied to the model which was compacted between two moving rigid plates. The fabric Volume Fraction (VF) changed from 45% to 56.25% and from a thickness of 7 mm to a thickness of 5.5 mm. Figure 13 shows a comparison between CT scans and digital element results and the proposed models. The results from the unit cell compaction were evaluated based on accuracy and run time. In terms of yarn path and crimp the 3D representation shows good agreement with both experiments and high fidelity models. The 2D model could capture the yarn paths but at the same time fails to capture the correct cross section shape. This failure can be attributed to the lack of yarn cross-section deformation in this representation. The shell elements' cross sections do not deform to accommodate the decrease in unit cell volume under compaction. At higher volume fractions and as the distance between the tool plates gets smaller, the contact algorithm can fail at some locations and hence form localized tool surface penetrations. Additionally, the 2D representation shows large gaps which will become voids or resin rich zones in comparison with the 3D representation and the experimental results. Both observations can be attributed to the lack of cross section deformation which is the main driver of fabric deformation during the compaction process. From a runtime point of view, the 2D representation was 35% faster than the 3D representation. The reduction in computational load associated with the 2D representation does not however justify the significant loss in accuracy. When comparing the 3D representation to the digital element model a significant reduction in CPU time up to 90% is noticed. Since the number of unit cells is squared as fabric dimensions increases, the runtime reduction will be further amplified for larger fabric models. Hence, the 3D was considered an efficient representation and was selected for use with larger scale models.
-Model Inputs
For both the 2D and 3D models, the material properties values were selected via several iterations and comparisons with meso-scale digital element models. The proposed modelling technique is a kinematic model where it is more important to capture the deformation of the fabric architecture (e.g. yarn crimp and resin pockets) than the compaction forces. Verification and result assessment is therefore based on the geometric similarities between the experimental geometry and the geometries predicted by the models. The yarn kinematic behaviour is controlled by the volume of fibres in each yarn, the interaction with other yarns at a given location and the interaction with the tool surface. All these factors are independent from the yarn mechanical properties and are fabric architecture properties. Hence, the kinematic modelling with a calibrated set of material properties will be able to predict paths and cross sections accurately. Binder yarns segments which are allowed to move unconstrained inside the fabric will have paths and cross-sections which are more dependent on their mechanical properties. An example is the binder yarns in the orthogonal fabric being studied in this paper. Figure 14 shows the binder yarn paths as predicted by the 3D macro-scale model for four different material properties overlaid on the CT scan results. The comparison shows that the constrained segment (between upper tool and weft yarns) of the binder yarn is matching in all four materials. However, the unconstrained segments show slight differences in terms of yarn cross section and path. This exercise was carried out for various combinations of materials properties to select the best set of material properties to use for the 3D representations. Due to the noticeable differences between the 2D representation results and the CT scan, as well as the penetration occurring in the 2D model, a similar comparison process could not be carried out effectively for the 2D model. The set of material properties, which were considered optimum after the calibration exercise against the orthogonal fabric CT scans, were used to model a layer to layer interlock fabric. A comparison between the simulation results from the 3D representation, digital element and CT scans are shown in Figure 15 . The results were found to be good in agreement with the CT scan models of this second fabric. This reinforces the decision to carry only the 3D tow representation forward to the structural scale.
Two separate material models were used for the 3D representation, an elastic-plastic model for the shell elements representing the yarn surface and a viscoelastic material model [39] for the shell elements forming the yarn cross-section support as discussed in section 2.4. The selection of elastoplastic model for the yarn surface was based on the physical behaviour of yarns. The physical yarn response will be elastic along fibres axis but in the model bending and transverse compression will induce plastic deformation. In the case of the real yarn, once the fibres slide against each other they do not return to the original configuration without an external pressure, thus there is a permanent "plastic-like" deformation which the model captures, albeit through a different mechanism. A secondary consequence is that there is also plastic deformation in the longitudinal direction, but since in-plane forces on the yarns are small this is likely to be a second order effect
The material properties set selected to be sued for macro modelling corresponds to the results shown Mass scaling was used in all models to increase solution speed but care was taken to avoid introducing undesirable inertial effect.
4-Feature /component scale modelling and verification

-Full scale as-woven fabric models by tessellation
Creating a component scale fabric model is achieved by tessellating the as-woven unit cell geometry to form a full scale fabric. This process involves copying the unit cell geometry multiple times until the required size is reached. Next, to maintain mechanical and contact consistency, yarns are merged to similar yarns from the adjacent unit cells to form continuous yarns throughout the fabric. Finally, an equivalence algorithm merges any overlapping geometry points as a result of yarn merging. The tessellation process is a computationally expensive process, requiring handling and processing large amounts of geometry data. The tessellation algorithm used in this paper was inspired by the pyramid based graphic texturing mapping techniques used in computer graphics [43] . In this technique, multiple versions of an image are stored in an array representing a pyramid. The images stored at the pyramid bottom have the highest resolution while the image stored at the top has the lowest resolution. Similarly, during tessellation, a unit cell is copied once then yarns are merged to form a small piece of fabric. Then the resulting geometry is translated again to get a larger fabric with higher resolution. This process is repeated until the desired fabric size is achieved. This approach ensures that at each level the yarn merging is carried out on the unit cell edges only. Figure 16 shows a schematic for the tessellation process and a sample output.
-Compaction modelling
A major influence on the compaction process is the tool/fabric interaction. In most applications, Liquid resin infusion is the manufacturing process of choice for dry fabric performs. Two types of tooling can be used, either closed mould rigid tools or one sided rigid tooling with a flexible upper tool (vacuum bag). In the case of rigid tooling, it is only necessary to model the tool contact surface which interacts with the fabric [44] . The mould surface geometry is created and meshed before being imported into LS-Dyna. Typically, two tool surfaces are used for compaction. Depending on whether a male or female mould is used for initial preform loading, one of the moulds is fixed and the other is moved towards it with a prescribed velocity. In this case, both tools are modelled as a rigid shell surfaces.
For the case of one sided rigid tooling, the vacuum bag -preform interaction has an overall more compliant behaviour which needs to be included in the model [45] . The simulation is divided in two phases which are; preform loading and vacuum consolidation. During the preform loading phase, an intermediate rigid tool is used to load the fabric and the vacuum bag over the rigid tool. The intermediate tool represents the fabric being loaded into position by hand. This intermediate tool is stopped when the distance between it and the other rigid tool is equal to the as-woven fabric thickness. In the next phase, pressure is applied to the vacuum bag surface to simulate vacuum consolidation. The vacuum bag in these simulations is modelled using shell elements with isotropic elastic material properties. Figure 17 shows a setup for a vacuum compaction model and a final model result.
Several factors contribute to the final solution quality, including the presence of friction. The yarns in the real fabric are usually treated which gives a form of viscous friction between yarns. Hence, viscous friction has to be included in the model or otherwise the fabric will behave loosely and disintegrate during simulation. The static friction coefficient for the LS-Dyna contact algorithm [39] was set to 0.9 and the dynamic friction coefficient to 0.85 which are relatively high values, thus representing the yarn surface treatment. Another important factor is the tool advance speed. A reasonable speed is essential for realistic simulation results. If the tool is moving too fast it will create unrealistic localized fabric defects. Also, at higher tool speeds, the contact algorithm might fail and cause an unstable solution.
-Full scale models verification
The "humpback bridge" specimen is one which has been designed for determining composites through-thickness tensile strength [46] . Several such test samples had been previously prepared from the same orthogonal fabric described earlier in this paper. Dry preforms were laid on a rigid tool and enclosed in a vacuum bag. The samples were then infused with liquid epoxy resin and cured. The cured composite was cut into 12 mm wide strips samples. Selected samples were CT scanned to show the internal fibre architecture. Figure 18 shows the tooling dimensions and a final sample. The compaction process of a sample, without any consideration of the resin infusion, was modelled using the vacuum bag compaction approach described in section 4. of the sample being thicker around the corner and thin at the apex but the CT scan showed overall slightly higher thickness variability.
5-Applications to Design for manufacturing
Unlike conventional materials, composite material properties are determined during the component manufacturing process. Consequently, composite materials properties can suffer significant degradation from defects which arise during compaction. The proposed modelling approach offers a tool which can be used by engineers to assess tooling and preform design by identifying the defects and high deformations.
For demonstration purposes a dome component was selected to be modelled. The dome forming problem has been widely addressed in literature for 2D fabrics with several analytical and experimental results available [19, 23, 44, [47] [48] [49] [50] [51] . A fabric model with an in-plane dimension of 360 mm in the warp direction and 300 mm in the weft direction was built. The fabric was laid in contact with a female tool with a fabric guide on top. A spherical indenter was used to form the fabric into the female tool cavity. The indenter has a radius of 72 mm and the cavity has a radius of 77 mm. The fabric guide and tools were modelled as rigid shells. Figure 21 shows the tool geometry. The model run time was 180 hours on 24 cores of an HPC Linux cluster. The analysis offered a detailed view of the compaction where the through-thickness deformation at each location is described in detail while the global fabric behaviour is still captured. Figure 22 shows the deformed fabric model. The fabric edge deformation shown is consistent with dome compaction results for 0 o -90 o 2D fabric given in references [19, 44] . Figure 23 shows the yarn paths on the dome inside and through thickness cross sections at a selected location. The results show that the tool fabric interaction has affected the yarn paths, waviness and crimp at each location differently. While the initial unit cell geometry is constant throughout the fabric, the deformed fabric shows significant variation in unit cell geometry between locations. When loaded, the damage will initiate at the developed weak points within the structure.
Hence, failure modelling for complex 3D woven components should take into consideration the compacted fabric architecture.
Such analyses will obviously require more complete validation against physical test data, but this model has served to show here that analysis on a suitably large and complex part is feasible in achievable run times and gives credible results.
-Conclusion and discussion
A multi-scale approach to kinematic modelling 3D woven fabric deformations and defects has been proposed. Initial as-woven geometry has been predicted from a meso-scale unit cell digital element model and then used to form a macro-scale shell element model. For the macro-scale model two and three dimensional yarn cross section representations have been studied with different yarn mechanical models. The results from both approaches were verified against experimental results for unit cell compaction. The comparison between the simulations and experimental has shown that yarn cross section deformation dominates the fabric behaviour during compaction. Hence, the three dimensional representation proved to be a good balance between accuracy and computational efficiency.
Feature scale simulations were built and validated against experimental results. These simulations showed good ability to model yarn paths, crimping and voids/resin pockets. A further larger scale model was built to assess the feasibility of applying this modelling approach to more complex simulations. The results demonstrated a good potential for using the proposed technique to design 3D woven fabric and geometry for manufacturability. The complex features captured by the simulation and experimental results show that the internal fabric architecture of compacted 3D woven composites is affected by the both the initial unit cell architecture as well as the tool geometry. Additionally, in the case of vacuum bag curing, tool mechanical behaviour can be important as well. Hence, including these effects in fabric compaction modelling is necessary for the accurate prediction of 3D woven fabric deformation.
The proposed modelling approach has been applied to a 3D woven orthogonal fabric and a 3D woven layer to layer interlock fabric with good results for both type of fabric as compared to CT scans.
Additionally, since the proposed model is primarily kinematic, in theory, it should be applicable to any 3D woven fabric architecture regardless of the fibre type. However, the model inputs selection process discussed in section 3. quite generic and should be applicable to fabrics types other than 3D woven. The digital element approach used for the meso-scale modelling uses binder yarns to compact the fabric. The absence of these binder yarns in other fabrics types means that this approach will need some adaptation to be applied to other fabric types. For example by applying the thermal load to stitching in the case of multi-axial non crimp fabrics or applying the loads directly to the warp yarns in the case of simple 2D woven materials which is part of on-going work. Finally, the use of meso-scale digital element unit cell geometry as input to the tessellation and the macro-scale models is not limited to digital element models. Any high fidelity source such as CT-scans will suffice so long as the geometry can be clearly identified and digitised. Realistic as woven geometry computed using a digital element method imported into the TexGen geometric pre-processor [35, 36] . 
